Aerobraking was an enabling technology for the Mars Odyssey mission even though it involved risk due primarily to the variability of the Mars upper atmosphere. Consequently, numerous analyses based on various data types were performed during operations to reduce these risk and among these data were measurements from spacecraft accelerometers. This paper reports on the use of accelerometer data for determining atmospheric density during
accelerometers.
This paper reports on the use of accelerometer data for determining atmospheric density during
Odyssey aerobraking operations. Acceleration was measured along three orthogonal axes, although only data from the component along the axis nominally into the flow was used during operations. For a one second count time, the RMS noise level varied from 0.07 to 0.5 mm/s 2 permitting density recovery to between 0.15 and 1.1 kg/km 3 or about 2% of the mean density at periapsis during aerobraking. Accelerometer data were analyzed in near real time to provide estimates of density at periapsis, maximum density, density scale height, latitudinal gradient, longitudinal wave variations and location of the polar vortex.
Summaries are given of the aerobraking phase of the mission, the accelerometer data analysis methods and operational procedures, some applications to determining thermospheric properties, and some remaining issues on interpretation of the data. Pre-flight estimates of natural variability based on Mars Global Surveyor accelerometer measurements proved reliable in the mid-latitudes, but overestimated the variability inside the polar vortex. 
Nomenclature

Atmospheric Density Recovery
Since the y-component provides the largest acceleration signal to noise ratio (Fig. 1) To illustrate the density recovery process, orbit 76 was selected. This orbit provides acceleration variations somewhat similar to the classical "bell curve" and also demonstrates some of the local variations during a pass.
The raw accelerometer data along the y-axis from which density was derived is shown in Fig. 5 . Note that the onboard process for removing bias has left a small residual.
This residual bias is removed, as discussed below, before density is derived from the data. Also as From the y-axis angular rate data it is seen that a large thruster firing took place at about -150 seconds and then nearly continuous firings from-75 seconds through about 120 seconds. These particular firings are coupled and theoretically produce no net acceleration of the s/c.
The angular acceleration required in Eq. 2 was determined by fitting a polynomial to the rates and then differentiating the polynomial to determine the acceleration at the central point. For typical aerobraking passes the maximum contribution due to these two terms is less than 0.5 mm/s 2, which, though small, is sufficiently large to require inclusion.
The orientation of the relative wind is obtained from the orbital ephemeris and the quaternions, also averaged to 1 Nq. The history of the relative wind is shown in Fig.  9 for orbit 76. From this figure and Fig. 8 
Results
The first result developed by the AMT was the variation of density with time for each pass. These data were supplied to other teams to perform thermal analyses, flight dynamics simulations, and other studies.
From the density vs. time data, numerous parameters as mentioned above were extracted for AMT, AAG and NAV use. Discussed below are selected results on density vs. time and density-altitude profiles. Utilization of the orbit to orbit variations are then discussed in terms of prediction methods used for Odyssey. Finally the method used to locate the polar vortex is presented.
P076 Density Profiles
Three realizations of density for P076 are shown in Fig. 10 . The lower curve is the density every second, the middle curve is the 7 point average and the upper curve is the 39 point average. The curves are displaced for clarity. The 7 point averaging is done to remove local spatial variations in density but leave "mesoscale" wave structure in the 100 km wavelength category. Some of these waves will be discussed later in the section on the polar vortex. The 39 point averaged data are used to estimate the "mean" atmosphere. altitude with MarsGRAM predicting a factor of 3.5 density ratio between inbound and outbound at 140 km while only a factor of 2.5 was measured.
From an overall mission viewpoint this would be considered a "good" comparison. Fig. 12 shows the periapsis density and density scale height for each orbit during aerobraking. These results
were derived by performing a least squares fit to the log density profile using all data within 10 km of the periapsis altitude to determine P(ho) and H s in Eq. 3.
The periapsis density variation shows the main aerobraking phase up to about orbit 250 where solar array temperature is the controlling factor. This phase is followed by the walk out phase where orbit lifetime is the major consideration.
Note from Fig. 3 that periapsis altitude is smoothly decreasing up to orbit 100, yet the periapsis density only slightly reflects this trend and up to orbit 75 the orbit to orbit variations can be up to a factor of 4. Orbits 100 through 150 are at about the same altitude and the orbit to orbit variability is much smaller than the earlier orbits or later orbits. During this time periapsis is above 80°latitude and the lack of variability is interpreted as being inside the polar vortex, on which there will be more later.
During the first 100 orbits, density scale height (temperature) increases as periapsis precesses toward the pole and altitude decreases (Fig. 3) . This is an unexpected result since both trends were expected to result in a decrease in temperature. From an overall mission viewpoint this would be considered a "good" comparison. Fig. 12 shows the periapsis density and density scale height for each orbit during aerobraking.
These results
During the first 100 orbits, density scale height (temperature) increases as periapsis precesses toward the pole and altitude decreases (Fig. 3) . This is an unexpected result since both trends were expected to result in a decrease in temperature.
This 
Fig. 13
Other atmospheric density profiles.
By orbit 199 periapsis has precessed to 72°N. The inbound leg has 5 waves up to the maximum density. For these waves, the peak to trough density ratios vary between 1.2 and 1.9 and the peaks are about 2°apart in latitude. The last peak just after periapsis is followed by a very low variability outbound leg after 75 sec. at a latitude of 78°The interpretation is that the vortex boundary is near 76°giving a highly variable profile up to 75 sec. while outside the vortex and low variability inside the vortex after 75 sec. Finally, orbit 280 is included to show that local phenomena can produce nearly factor of 2 changes in density over very short time scales. The latitude range goes from 25°N at -200 sec to 63°N at +200 sec. The spike just after periapsis has a latitude width of about 2°. The Mars thermosphere is noted for such large spatial and temporal variability.
For an aerobraking mission it should be kept in mind that the solar array temperature is the limiting factor and that conduction through the solar array smooths many of these short term variations and such local peaks may contribute little to the maximum temperature (Ref. 6).
Using Accelerometer Data for Prediction
As seen from the previous section, the thermosphere of Mars at aerobraking altitudes is highly variable. This section will discuss the various methods that used accelerometer data for predicting density for future orbits. Essentially all of the methods were used each day and evaluated and compared.
Persistence and MarsGRAM Scaling
The simplest prediction method is persistence, that is, assume the density profile for the next orbit will be the same as the last orbit. Since the altitudes may be different, periapsis density from the last orbit (p(n)) is mapped to the periapsis altitude (h(n+l)) of the next orbit via the density scale height (Hs(n)) using Eq. 3 to yield the estimate
Using the density and scale heights in Fig. 12 and the altitudes from Fig. 3 , the ratios of actual for the next orbit to the predicted for the next orbit are shown inFig. 14. The mean ratio is 1.10 and the standard deviation over the entire phase is 0.49. The biased estimate is due to the overweighting of a large ratio compared to the reciprocal of a large ratio. The orbit to orbit variability is clearly larger during the first 75 and last 150 orbits. The early high variability is associated with waves near the polar vortex. After periapsis has precessed into the polar region and moved into the nighttime (Fig. 3) , variability decreases. As periapsis precesses toward the equatorial region, near the end of aerobraking, variability again increases.
However, as will be seen, this increase is more due to the lower signal to noise ratios associated with walkout than due to waves. radio tracking AV divided by the accelerometer value.
MGS
Over the entire mission, the mean difference is 0.12% with a RMS difference of 7%. The large deviations during walkout are due to the total AV becoming small, so signal to noise for both methods is increasing. While the drag is high and periapsis is inside the vortex, the agreement is within the uncertainty produced by the utilization of two Cy models as discussed above. In an attempt to understand the temporal and spatial variations, polar plots of the density variation were made daily for orbits from the previous days. One such polar plot is shown in Fig. 19 . Each track on the plot shows the density along the orbit path on a latitudelongitude polar plot. All of the measured densities have been mapped to a common reference altitude, in this case 100 km. Each mapping is done using results similar to those in Fig. 18 
